Introduction
The millimeter wave frequency interval still represents a relatively unexplored field of investigation for electromagnetic spectroscopy. This was mainly due to the lack of proper sources having acceptable combinations of power, stability and tunability. A significant limitation to the development of millimeter wave spectroscopy seemed also due to the inadequateness of the waveguide-based propagation, solved in favor of sophisticated quasioptical techniques. Recently, the solid-state technology developed first versatile millimeter wave sources, although still relatively limited in the emitted power. As a consequence, the microwave electric or magnetic field available on the sample is often too limited, requiring a resonant structure in order to increase the density of the electromagnetic energy in the active region of the spectrometer.
At millimeter wavelengths the most common resonant devices are given by overmoded resonators, which are relatively easy to be realized. In addition to the well-known FabryPerot cavities [1] [2] [3] [4] , more recently overmoded dielectric resonators have been proposed as well [5 and reference therein]. The quality factor Q achievable in the above overmoded devices can be quite high (tens of thousand or higher at room temperature), leading to extremely selective frequency behaviors. On the other hand, in many spectroscopic applications the absolute sensitivity is related to the intensity of the electric or magnetic field on the sample; these quantities are in turn proportional to the ratio between the merit factor Q and the active volume of the resonator. In this respect overmoded structures don't show clear advantages with respect to properly realized single-mode resonators and often, as in case of Fabry-Perot having reasonable dimensions, the achievable absolute sensitivity is clearly unsatisfactory. The use of overmoded resonators can be moreover hindered by geometrical constraints imposed by the employed setup. The above reasons basically explain the efforts made towards the realization of millimeter wave single-mode resonators [6, 7] . The main difficulty to be overcome in this case is given by the typical size of the employed components that, being of the order or smaller of the resonant wavelength, becomes harder and harder to be handled. In case of the popular TE 011 cylindrical cavity, for instance, the axial cross section that ensures the highest Q factor is given by 3.95 mm by 3.95 mm at 100 GHz [8] . A much more critical point is represented by the excitation mechanism. The typically adopted solution, the coupling hole, is directly borrowed from the microwave technology. However, at 100 GHz a typical diameter of the coupling hole is given by 0.8 mm, with a corresponding thickness of the cavity wall around this aperture less than 0.05 mm; as a consequence, a very sophisticated design and realization of the cavity results [6] . Another key point of a single-mode cavity is given by its capability to allow a non-destructive access to the sample, that is an access that doesn't reduce sensibly the performances of the cavity itself. Such access can be necessary for the manipulation of the sample or its additional irradiation.
An exemplary case where these aspects are of basic importance is given by the Electron Paramagnetic Resonance (EPR) spectroscopy [9] . Here, the full rotation of the sample with respect to the magnetic field is generally required in single crystal studies. In addition, the cavity should be to some extent open, in order to allow an efficient static magnetic field modulation as well as radiofrequency excitation (for electron-nuclear double resonance techniques [9] ), or optical access (in case of optically-activated samples or opticallydetected magnetic resonance spectroscopy [10] ). In the limit of high-field (millimeter wave) EPR, these requirements impose strict constraints on the realization of the cavity. As a result, the performances of the cavity or the capabilities of the employed spectroscopic techniques are often sensibly reduced in comparison to the ideal ones. In case of a TE 011 cylindrical cavity working at 275 GHz, the radiofrequency irradiation of the sample has been recently obtained by cutting 3 slits of 0.1 mm width perpendicularly to the axis of the cavity [11] , following the solution adopted at 100 GHz [6] . The realization of single-mode resonators for millimeter wave spectroscopy seemed then mainly oriented to a simple rescaling of the design developed at microwave frequencies. Apparently, only limited efforts were dedicated to the realization of innovative solutions suitable for millimeter wave applications in any of their aspects. A recent attempt to realize single-mode dielectric resonators specifically conceived for millimeter wavelengths is reported in Ref. [12] . Here the state of the art of the power-to-field conversion efficiency at room temperature has been established, using low-permittivity resonators in the so-called NonRadiative (NR) configuration [13] . The peculiarity of these devices is given by their partially open structure, in which the metallic shielding is reduced to two planar and parallel mirrors; the distance between the mirrors can be as high as 0 2 λ , where 0 λ is the wavelength in vacuum corresponding to the resonance frequency. The excitation of the NR Dielectric Resonators (NRDRs) can be obtained exploiting their nonradiative character, which basically prevents the propagation of the radiation outside the dielectric region [12] . A simple excitation configuration is then compatible with the structure of the resonator, without need of sophisticated ad hoc designs. The resulting device, based essentially on a dielectric disc and planar mirrors, is at the same time effective and easy to be realized, a mandatory characteristic for generalized millimeter-wave employments.
The main aim of this work is the generalization of the above NR configuration, in order to include purely metallic single-mode cavities in a simple and unified approach. The starting point will be represented by a possible analogy among NR dielectric configurations and metallic cavities. Following this analogy, the TE 011 mode of an Open NR Cavity (ONRC) will be investigated at microwave frequencies for a wide range of geometrical configurations.
The obtained results will demonstrate the possibility of simple and innovative millimeter wave ONRCs.
This paper is structured as follows. Section 2 will introduce the theoretical background related to NR devices. Some generalized NR dielectric configurations will be introduced, and the analogous metallic cavities proposed. The expected behavior of their TE 011 mode will be discussed on the basis of general considerations. Section 3 will be dedicated to the experimental characterization. The criterion employed for the design of the test cavity resonating at microwave frequencies will be discussed. The results obtained on the TE 011 mode will be presented and analyzed. The implications of these results will be the topic of Section 4. Here the achieved merit factors will be interpreted in terms of the different loss mechanisms, and their extension to higher frequencies discussed. Specific applications of these devices and their general perspectives will be discussed as well.
Generalities
The simplest configuration of a NRDR is given by a cylindrical low-loss dielectric rod having circular cross section, whose planar surfaces are in contact with conducting planes, as sketched in For some modes of high practical importance the above analysis can be formulated on the basis of more general and rigorous considerations. It is indeed well known that in rotationally invariant dielectric structures with isotropic or uniaxial complex permittivity the modes having azimuthal invariance (vanishing azimuthal index) are either transverse electric TE or transverse magnetic TM. These modes can be accordingly indicated as TE 0 and TM 0 . The demonstration of this property can be found for instance in Cap. 5 of Ref.
[16] and in Refs. [17, 18] ; further generalizations can be inferred from Refs. [19] and [20] .
The TE 0 modes of a NR structure don't share in particular any field components with the cutoff-less TEM modes, so that their irradiation losses in principle vanish for any configuration fulfilling the nonradiative criterion. Accordingly, any NR structure having rotational invariance shows at least a family of modes characterized by vanishing irradiation losses. This is equally true for the particular case of purely metallic structures. The remaining part of the paper will be basically dedicated to the confirmation of this conclusion.
The use of the TE 011 mode of the symmetrically open configuration of Fig. 1b has been proposed for the dielectric characterization of planar materials [21] [22] [23] . The mathematical modeling of this device has been elegantly developed in the paper by Janezic and BakerJarvis [24] . However, the analysis and the use of this configuration were limited to small gaps, in which the electromagnetic fields extend only marginally in the volume outside the central cavity. The limit height of the gap, its allowed positions along the body of the cavity, and the possible benefits of widely open structures were apparently not recognized.
The main practical aspect to be faced with for an effective use of the resonator concerns its excitation. In principle, any of the well-established excitation techniques as coupling holes [25] , loops or probes [9] , dielectric waveguides in NR configurations [26] , can be employed in combination with the proposed ONRCs. However at millimeter wavelengths, where these devices should express their full benefits, the only practicable solution seems given by coupling holes. As anticipated, the use of coupling holes requires a very critical and sophisticated design of the resonator, to which often correspond limited adjustments of the coupling parameter. In our case a much more versatile solution exploits the NR character of the proposed devices, in which the electromagnetic fields outside the central region decrease exponentially. These evanescent fields can be overlapped to those of the incoming radiation by limiting in a proper way the extension of the metallic walls, as shown in Ref. [12] . The coupling parameter can be adjusted by changing the relative position between the resonator and the incoming radiation. This solution, which has been proven quite simple and effective also at millimeter wavelengths [13] , can be directly adopted for ONRCs in virtue of their analogy with NRDRs. In case of ONRCs, an alternative control of the coupling parameter can be obtained by changing the distance l between the conducting plates; in this way the intensity of the evanescent field can be effectively controlled. The resulting perturbation of the resonance frequency can be compensated acting on the height of the central cavity.
Experimental evidences
The cavity employed for the microwave measurements is sketched in Fig. 3 . Following the analysis of the previous section, the maximum working frequency of the employed cavity is given by 35.3 ± 0.8 GHz, as obtained from the limit condition 0 2 l λ = .
Close to this limit most of the electromagnetic energy is distributed on a large volume outside the central cavity. The related energy density is then correspondingly low; in addition, a relevant contribution to the losses is now expected from the finite conductivity of the mirrors. As previously discussed, this often means a low gain in the absolute sensitivity. The structure of the test cavity chosen for these measurements allowed the monitoring of the maximum spread of the resonance mode. The NR confinement was indeed guaranteed as far as the rim of the upper plate, namely for a maximum radius about twice to that of the central cavity, as indicated in Fig. 3b . Accordingly, when the active volume of the resonance became about three times that of the central cavity, a sensible reduction of the measured merit factor was expected, as marker of the low energy density limit.
The measurements were organized in three different series, in which one plunger was fixed in a definite position and the other one moved in order to tune the cavity. In this way the same resonance condition was obtained for three different positions of the aperture along the axis of the resonator. The TE 011 mode was unambiguously identified among the different observed resonances by comparing its frequency with that calculated in the corresponding close cavity [27] . Indeed, this mode is expected only slightly perturbed by the aperture when the NR condition is well verified and the height of the cavity l′ is sensibly higher than l .
In the first series of measurements the upper plunger was fixed 7 mm above the aperture (this configuration is hereafter referred to as '7 mm configuration'). The obtained resonance frequency and unloaded merit factor Q 0 are reported in Fig. 4 as a In all series of measurements a similar behavior is observed. The tuning of the TE 011 mode increases exponentially as the height of the cavity is reduced, as expected. The measured merit factor is generally quite high, excluding two dips that appear in any series.
The origin of these dips can be inferred from the obtained data. The first dip is related to an anticrossing phenomenon with a second mode, as evidenced by the typical frequencies repulsion behavior. The spurious mode is not visible outside the interaction region and is very likely characterized by a low merit factor. In the terminology of the lumped circuit representation this phenomenon is typically referred to as reactive coupling of modes [28- The 3 mm configuration allowed the analysis of the whole frequency interval predicted by the NR condition. The maximum observed resonance frequency was about 36 GHz, in full agreement with the above analysis. Accordingly, the expected nonradiative behavior seems fully confirmed in a wide range of conditions.
Discussions
The obtained data suggest further considerations. Combining the results of all the investigated configurations, it follows that the NR confinement is effective for any of the Frequency (GHz) the cavity, 0,rad Q can be estimated for configurations having large apertures. In the above frequency interval around 30 GHz the value of 0,rad Q estimated in this way is higher than 6000. This evaluation is expected meaningful also at millimeter and submillimeter wavelengths, since the irradiation losses are in principle independent from the resonance frequency when the size of the cavity is just rescaled [12] ; in addition, the relative mechanical tolerances of the employed cavity are easily achievable at frequencies sensibly higher than the microwave ones. The behavior of the irradiation losses confirms in general that the electromagnetic fields were quite weak on the boundary of the resonator for most of the investigated geometries, according to the discussion on the role of the limited extension of the metallic plates. The resonance mode is generally well confined close to the central cavity, ensuring a limited active volume and then a relevant energy density.
The above analysis demonstrates that ONRCs working on the TE 011 mode can be easily realized. In particular, the aperture between the two parts of the resonator can be largely provided that the NR condition is verified throughout. In this way a high degree of freedom can be achieved in the manipulation of the sample.
In conclusion, the expected behavior of the TE 011 mode of ONRCs is fully confirmed.
The excitation of these resonators can be easily obtained also at millimeter 
